Stratospheric ozone profile measurements from the Stratospheric Aerosol and Gas Experiment (SAGE) II 2 satellite instrument are combined with those from the Optical Spectrograph and InfraRed Imager 3 System (OSIRIS) instrument on the Odin satellite (2001-Present) to quantify interannual variability and 4 decadal trends in stratospheric ozone between 60°S and 60°N. These data are merged into a multi-instrument, 5 long-term stratospheric ozone record (1984-present) by analyzing the measurements during the overlap 6 period of 2002-2005 when both satellite instruments were operational. The variability in the deseasonalized 7 time series is fit using multiple linear regression with predictor basis functions including the quasi-biennial 8 oscillation, El Niño-Southern Oscillation index, solar activity proxy, and the pressure at the tropical 9 tropopause, in addition to two linear trends (one before and one after 1997), from which the decadal trends in 10 ozone are derived. From 1984-1997, there are statistically significant negative trends of 5-10% per decade 11 throughout the stratosphere between approximately 30-50 km. From 1997-present, a statistically significant 12 recovery of 3-8% per decade has taken place throughout most of the stratosphere with the notable exception 13 between 40°S-40°N below approximately 22 km where the negative trend continues. The recovery is not 14 significant between 25-35 km altitude when accounting for a conservative estimate of instrument drift. 15 42 43
The variability of stratospheric ozone and the trends observed in past decades continue to be of importance 18 for understanding the future evolution of ozone and its interaction with changing climate. Analysis of various 19 data sets toward this end has been a focus of research for nearly three decades. An improved understanding 20 of chemical depletion processes has led to predictions of complete future recovery of the ozone layer by 2050 21 at the earliest (WMO, 2011) . Several recent studies have highlighted the need for high quality, altitude 22 resolved profile measurements to quantify the different aspects of atmospheric variability and trends 23 throughout the global stratosphere. Satellite measurements are elemental to these analyses (for example see 24 Weatherhead et al., 2000, Randel and Wu, 2007; Randel and Thompson, 2011; Kyrölä et al., 2012) . One of 25 the key data sets in many past studies is the ozone profile measurements made by the Stratospheric Aerosol 26 and Gas (SAGE) II satellite instrument, which obtained high quality vertical profiles of the global 27 stratosphere by solar occultation from . In this paper we use the ozone profile measurements made 28 by the Optical Spectrograph and InfraRed Imaging System (OSIRIS) on the Odin satellite, which began in 29 2002, to extend the SAGE II record to the present day. The OSIRIS ozone profile data set, obtained through 30 measurements of limb scattered sunlight spectra, have similar quality and vertical resolution as the SAGE II 31 measurements, and extend from the upper tropopause to the upper stratosphere. Also, OSIRIS provides 32 retrievals of ozone density on altitude levels, similar to SAGE II, so that conversions from mixing ratio on 33 pressure surfaces is not needed. The four year overlap between the two missions allows for robust 34 comparison and analysis to merge the two measurement sets. The goal of this paper is twofold: to 35 demonstrate the feasibility of merging the SAGE II and OSIRIS ozone measurements into a single time series 36 through comparative analysis of the two time series, and secondly, to use the merged time series to quantify 37 interannual variability and trends in stratospheric ozone from 1984-2013 over the latitude range 60°S to 60°N. 38 The OSIRIS instrument is currently still fully operational and this merged time series will continue to provide 39 long-term monitoring of these trends into the future. This work follows directly from the recent results of 40 Sioris et al., 2013 , who analyzed the SAGE II and OSIRIS time series in the tropical lower stratosphere only.
Data Set Descriptions
sampling in a latitudinal distribution that varies slowly over the course of weeks to months to cover the globe. 48 The ozone product version used here is version 7.0 (Damadeo et al., 2013) , which, compared to previous 49 standard product version 6.2, features decreased retrieval smoothing, updated absorption cross sections 50 (Bogumil et al., 2003) , and atmospheric temperature and pressure from Modern-Era Retrospective Analysis 51 for Research and Applications (MERRA, Rienecker et al., 2011) . The outlier removal, including filtering for 52 high values of volcanic aerosol, has been updated from Wang et al., 2002 . See Damadeo et al, 2013 for 53 details on the SAGE II version 7.0 data product. As noted by Kyrölä et al., 2013, among others, the 54 requirements for stability of the measurements for this type of trend analysis are stringent. High quality for 55 the SAGE II occultation measurements is achieved via a self-calibration through the observation of the direct 56 sun at the beginning or end of the occultation on a sunset or sunrise measurement, respectively.
58
The OSIRIS instrument began standard stratospheric limb scattered sunlight measurements in early 2002, 59 shortly after launch on the Odin satellite in 2001 (Llewellyn et al, 2004; Murtagh et al., 2002; McLinden et 60 al., 2012) and remains fully operational at the present time. The spectra, which cover the 280-800 nm 61 wavelength range, are used in combination with a spherical radiative transfer model that accounts for multiple 62 scattering (Bourassa et al., 2008) and a non-linear relaxation inversion to retrieve profiles of ozone number 63 density from 10-60 km altitude with approximately 2 km vertical resolution and successive samples about 64 every 500 km along the polar orbit track . Although the limb scatter technique does 65 not measure the sun directly, the retrieval method provides a similar self-calibration of the measurement 66 through normalization of the spectral radiance by the measurement at the same wavelength at a higher tangent 67 altitude above the retrieval range. This effectively decreases the dependence on the effective scene albedo 68 (von Savigny et al., 2003) and helps to increases the long term stability of the retrieved product in a similar 69 fashion to the self-calibration of the occultation measurement. The polar orbit, which is nominally 1800h 70 local time at the ascending node, provides global coverage during spring and fall, and coverage of the tropics 71 throughout the year. No measurements are obtained during polar winter. In this work, for which we have 72 used the version 5.07 data set, only OSIRIS measurements on the descending orbit track, i.e. near local dawn, 73 are used as the slight procession of the orbit to later local times has resulted in the loss of coverage in the 74 tropics on the ascending node after 2004. Previous work comparing OSIRIS and SAGE II ozone observations has shown generally excellent agreement 79 between the two data sets during the four year overlap period. Adams et al., 2013 , performed a detailed 80 comparison of coincident measurements and found the absolute value of the resulting mean relative 81 difference profile is <5% for 13-55 km and <3% for 24 -54 km. Generally the OSIRS data were found to 82 have a slightly higher bias around 22 km, particularly at higher latitudes.
The long term stability of the 11-year OSIRIS data set was comprehensively characterized and assessed by 84 Adams et al., 2014, who used the Microwave Limb Sounder (MLS) and Global Ozone Monitoring by 85 Occultation of Stars (GOMOS) satellite data records in addition to and ozonesonde measurements. The 86 results of this work show that the mean percent differences between coincident measurements are within 5% 87 at all altitudes above 18.5 km for MLS, above 21.5 km for GOMOS, and above 17.5 km for ozonesondes. The 88 stability analysis found that global average drifts relative to the validation data sets are < 3% per decade in 89 comparison with MLS for 19.5-36.5 km, GOMOS for 18.5-54.5 km, and ozonesondes for 12.5-22.5 km. 90 Adams et al., 2014, concluded that the 11-year OSIRIS data set is suitable for trend analysis. 91 Even in light of these encouraging results, the relatively long 4-year overlap between the SAGE II and 92 OSIRIS measurements is an essential factor in the ability to reliably merge these data sets into a single time 93 series for the assessment of decadal trends, particularly since post-2000 SAGE II was capturing only one 94 occultation per orbit. Similarly, as both instruments retrieve ozone number density on an altitude grid, there is 95 no need for unit and/or vertical co-ordinate conversions that can bias ozone trends if the simultaneous trends 96 in temperature are not properly accounted for (McLinden and Fioletov, 2011) . For the purposes of this paper, 97 monthly mean ozone number density time series were calculated for both instruments in 10 degree latitude 98 bins from 60°S to 60°N and in 1 km altitude bins. Extending the analysis to higher latitudes is limited by the 99 lack of OSIRIS sampling in polar winter. The raw agreement in the monthly averaged ozone number density 100 can be seen from the sample time series shown for four different latitude-altitude bins in Figure 1 . The top 101 panel, Fig. 1(a) , at 18.5 km in the tropics shows the strong seasonal cycle that is observed by both instruments 102 just above the tropical tropopause. The second panel, Fig. 1(b) , at 22.5 km shows the dominant Quasi-103 Biennial Oscillation (QBO) signal in the tropical lower stratosphere. For slightly higher altitudes at 27.5 km, 104 the QBO signal becomes weaker as shown in the third panel, Fig. 1(c) . The lowest panel, Fig. 1(d) , 105 corresponding to 44.5 km altitude and 15°S to 25°S, is more typical of the upper stratosphere where weak 106 signal variation results in poor correlation despite approximate agreement between the two instruments. 107 Overall the time series show similar sized, in-phase, cyclic variations. Somewhat larger differences can be 108 found, particularly at altitudes above 40 km, when comparing to SAGE II sunrise or sunset measurements 109 separately, or with smaller latitudinal or temporal bins. 110 For most of the stratosphere there is a high correlation (greater than 0.9) between the two time series during 111 the overlap period as shown in Figure found by detailed coincidence comparisons . OSIRIS has a slightly higher bias for 119 latitudes south of 50°S, which extends throughout stratospheric altitudes and lasts throughout the austral 120 summer. OSIRIS also shows a slightly larger negative bias below 20 km between 40°S and 40°N. The 121 circled region marked 'b' in the correlation plot, as well as the rest of the upper stratosphere where the 122 correlation is not as high, are regions where there is very little seasonal or QBO signal in the time series, again leading to reduced correlation even though the monthly mean values are in good agreement (see Fig.  1(d) ). 125 A merged time series of the deseasonalized ozone anomaly was created by combining the two data sets. To 126 perform the deseasonalization, climatological means are found for each month by averaging for each 127 instrument independently; this accounts for any small difference in the observed seasonal cycles, as done 128 previously in other studies (Jones et al., 2009; Randel and Thompson, 2011) . These means are determined Thompson, 2011; Chipperfield et al., 1994) . In this figure, the beginning and end of the instrument overlap 144 period is marked with vertical black lines; however, the consistency of the observed structures across these 145 time periods fosters confidence in the quality of the merged data set. Note that even by eye, a broad 146 minimum in ozone can be seen in each latitude bin between 1994-2005, particularly in the upper stratosphere. berlin.de/en/met/ag/strat/produkte/qbo/index.html (Naujokat, 1986) ). Typically QBO variability is fit based 157 on two orthogonal QBO time series that can be used in linear combination to represent the QBO at all 158 pressure levels (Wallace et al., 1993; Randel and Wu, 1996) . We have used a principal component analysis to 159 generate the first three principal components of the QBO. As shown in the results of the regression below, 160 the third component is a smaller amplitude, high frequency term that accounts for a small fraction of the 161 observed ozone variability, approximately on the same order as the solar cycle proxy. Each of these predictor 162 variable basis functions is shown in Figure 5 . The ENSO index is used with a 2-month lag as done previously (see for example, Randel and Thompson, 2011) . 164 165 For simplicity of interpretation, we have also used a piece-wise linear term to account for long term changes 166 in the stratosphere, particularly the changes in equivalent effective stratospheric chlorine (EESC). The time 167 of the inflection point of this piece-wise term, corresponding to the "turn-around" time, or the beginning of 168 ozone recovery, has been fixed at 1997. This is discussed in some detail in several studies including Kyrölä 169 et al., 2013 , Laine et al., 2013 , Newchurch et al., 2003 , and Jones et al., 2009 with overall agreement on the 170 choice of 1997. This has also been the decision of the SI 2 N working group for the trend analysis for 2014 171 WMO ozone assessment (Harris et al., 2014, in preparation) . The estimate of the uncertainty in the results of 172 the regression analysis is determined using a bootstrap resampling technique, with one year time granularity. 173 This estimate includes the effects of serial autocorrelation (Efron and Tibshirani, 1993; Randel and 174 Thompson, 2011). of the stratosphere, but are statistically insignificant. In many of these cases, the fit residual variability is 195 large and does not appear completely random; this is consistent with previous studies and remains not well 196 understood (Randel and Thompson, 2011) . Also, residuals appear larger for the SAGE II part of the record in 197 some places (example Fig. 8, left panel) , probably because of the relatively sparser SAGE II sampling. 198 199 The relative contribution and spatial structure of each of the fitted predictor basis functions is shown in Fig. 9 200 as relative ozone change per one standard deviation of each parameter for QBO principal components, 201 tropical tropopause pressure, ENSO index and solar proxy. Regions that are not statistically significant at the 202 95% percent level are indicated with overlaid grey stippling. The QBO is a significant term throughout the 203 stratosphere with well-known out-of-phase patterns between the tropics and middle latitudes (Randel and Wu, 204 2007). As noted above, the third principal component is small but significant in places. The solar cycle proxy is also small but significant in the middle and upper stratosphere in the Southern Hemisphere. The 206 overall pattern matches that reported by Kyrölä et al., 2013 , from analysis of a merged SAGE II -GOMOS 207 time series, except at 50-60°N where the GOMOS analysis shows a larger influence of the solar cycle. Both 208 the ENSO index and the tropical tropopause pressure have relatively strong and significant projections in the 209 tropical lower stratosphere in the opposite sense (ENSO index is negative, and tropopause pressure is 210 positive). This is likely linked to the fact that both ozone and temperature changes are caused by enhanced 211 tropical upwelling in ENSO warm events (Randel et al., 2009; Calvo et al., 2010) . The ENSO projection also 212 shows out-of-phase patterns in the NH midlatitude lower stratosphere, corresponding to ozone enhancements 213 during ENSO warm events (consistent with observations of column ozone over midlatitudes, e.g. Bronnimann These results derived from the merged SAGE II -OSIRIS data agree in general with the results from the 229 SAGE II -GOMOS time series analysis performed by Kyrölä et al., 2013 . The altitude and latitude structure 230 of the results are very similar. The negative trends also match very well in terms of magnitude. However, the 231 asymmetry in the recovery in our result is not also in the GOMOS result and the magnitude of the recovery is 232 not as high as we find with the OSIRIS data set. The GOMOS analysis shows significant recovery only for 233 altitudes 38-45 km at a rate of 1-2% per decade and does not find the decreasing trend post-1997 in the 234 tropical lower stratosphere. There also seems to be a systematic decrease in the GOMOS post-1997 trends for 235 both northern and southern latitudes above 40 degrees that does not arise in the OSIRIS analysis performed 236 here. These differences may be explained in part by the small drifts, essentially < 3% per decade, detected by 237 Adams et al., 2013, in with other instruments and ground based measurements need to be done, we have chosen not to directly 244 modify the resulting trends, but have attempted to account for any potential drift by adding 3% per decade in 245 quadrature to the bootstrap uncertainties. This is shown in Fig. 11 where the grey stippling to indicate the 246 significance of the trend has been re-calculated in this fashion. In general, the recovery above 35 km remains significant; however all trends in the altitude range 25-35 km are insignificant with conservative drift 248 estimates taken into account. The decreasing trend in the lower stratosphere also remains significant. 249 250 Other recent studies of long term satellite measurements have reported stratospheric ozone trends by similar 251 analyses, though not by merging with the SAGE II measurements. Gebhardt et al., 2014, derived 
Figure 6:
In each column, the uppermost panel shows the ozone anomaly in blue and resulting fit in red for a given latitude and altitude. The middle panel shows the pre-and post-1997 percent per decade linear terms, and the six non-linear basis functions multiplied by their normalized best-fit parameters (shown on the right of each curve). The basis functions are shown on the same scale as the ozone anomaly. These terms sum to form the resulting fit. The lower panel contains the residual ozone anomaly. Left: 5°S-5°N at 18.5 km altitude (cf. Figures 1a and 3a) . At this location negative trends in ozone are apparent both before and after 1997 with a relatively strong correlation to tropopause pressure and ENSO. Right: 5°S-5°N at 22.5 km altitude (cf. Figures 1b and 3b ) with smaller but still negative both before and after 1997. Figures 2c and 4c) . A small positive linear trend is observed after 1997. The QBO indices are the dominant terms. Right: 25°S-15°S at 44.5 km altitude (cf. Figures 1d and 3d ). Significant recovery of 5.1% per decade is observed after 1997 following a decrease of -5.9% per decade prior to 1997. Regions that are not statistically significant at the 95% level are shown with overlaid grey stippling. In general throughout the stratosphere the greatest contribution to the relative ozone anomaly comes from the first two principal components of the QBO index. Figure 10 : Altitude-latitude cross section of linear ozone trends in percent per decade before 1997 (top) and after 1997 (bottom) derived from the merged SAGE II and OSIRIS ozone anomaly time series. Statistical significance at the 95% level is denoted by areas without grey stippling. Significant recovery is observed throughout the majority of the stratosphere, except below approximately 22 km altitude between 40°S and 40°N where decreasing trends continue and in the tropics between 25-35 km where there is no significant trend.
Figure 11:
The same linear trends in ozone in the post 1997 period as those shown in Fig. 10 , but with the significance interval modified to account for potential drift in the OSIRIS measurements.
